Myostatin, a member of the transforming growth factorsuperfamily, is a negative regulator of skeletal muscle mass in mammals. We have studied myostatin expression during embryonic and post-hatching development in zebrafish by semiquantitative RT-PCR. The transcript is present in just-fertilized eggs and declines at 8 h postfertilization (hpf), suggesting a maternal origin. A secondary rise occurs at 16 hpf, indicating the onset of embryonic transcription at the time of muscle cell differentiation. The level of myostatin mRNA decreases slightly at 24 hpf, when somitogenesis is almost concluded, and rises again at and after hatching, during the period of limited muscle hyperplastic growth that is typical of slow-growing, small fish. In the adult muscle, we found the highest expression of myostatin mRNA and protein, which were detectable by Northern and Western blot analyses respectively.
Introduction
Myostatin (GDF-8), a member of the transforming growth factor (TGF)-superfamily, is a negative regulator of skeletal muscle mass. Its function was first suggested by , who generated myostatin knockout mice that were characterized by a widespread increase in skeletal muscle mass, with a two to three times increase in individual muscle weight, due to a combination of muscle cell hyperplasia and hypertrophy. Similarly, mutations of the myostatin gene in some breeds of 'double muscled' cattle, that presumably lead to inactive proteins, were also associated with muscle growth (Grobet et al. 1997 , 1998 , Kambadur et al. 1997 , Cappucio et al. 1998 . Moreover, a hypermuscular mouse mutant (Cmpt) (Szabó et al. 1998) shows a mutation in the putative propeptide region of the myostatin gene, which possibly interferes with the proper protein folding, dimerization and secretion (Gray & Mason 1990) .
These data suggest that myostatin performs a key role in controlling muscle mass during development. In fact, in mouse embryos, myostatin is expressed very early during development and its expression appears to be restricted to the myotome compartment of developing somites . Studies in cattle (Kambadur et al. 1997 , Bass et al. 1999 , pigs (Ji et al. 1998 ) and chickens (Kocamis et al. 1999) have reported a similar myostatin expression pattern that begins early during development and continues throughout embryonic life. Myostatin mRNA abundance coincides roughly with the period of primary and secondary fibre formation, showing a reduction at hatching/birth and postnatally that may reflect the reduction in mytogenic and myogenic events.
In adult animals, skeletal muscle myostatin expression has been reported in several vertebrate species (Grobet et al. 1997 , Kambadur et al. 1997 , Gonzalez-Cadavid et al. 1998 , Ji et al. 1998 , Sharma et al. 1999 , Østbye et al. 2001 , Rescan et al. 2001 , Roberts & Goetz 2001 . Although myostatin is predominantly expressed in the skeletal muscle, some reports have shown its occurrence in the Purkinje fibres and cardiomyocytes of the sheep heart (Sharma et al. 1999) , in porcine lactating mammary gland (Ji et al. 1998) and, more recently, in several tissues of tilapia , Atlantic salmon (Østbye et al. 2001) , rainbow trout (Rescan et al. 2001) and in the brain and ovary of brook trout (Roberts & Goetz 2001) .
The role of myostatin in the adult, differentiated muscle has not yet been fully clarified. Several reports have shown that muscle atrophy, induced by muscle unloading (Carlson et al. 1999 , exposure to a microgravity environment (Lalani et al. 2000) or associated with a pathological condition (Gonzalez-Cadavid et al. 1998) , is accompanied by increments in muscle myostatin mRNA expression, muscle myostatin content and serum myostatin-related protein concentration (GonzalezCadavid et al. 1998) . The myostatin level returns to normal values after reloading .
On the other hand, myostatin expression declines during the first phase of muscle regeneration, characterized by a proliferation of the satellite cells, and goes up again during the differentiation of newly formed fibres , Mendler et al. 2000 . Moreover, myostatin expression was significantly reduced in two strains of mice that undergo muscle degeneration coupled with extensive regeneration (models of muscle dystrophy) (Zhu et al. 2000) . In vitro proliferating myoblasts produced low amounts of myostatin mRNA, which increased only upon the induction of differentiation (Mendler et al. 2000 , Artaza et al. 2002 . Taken together, these results suggest a role, or at least an involvement, of myostatin in adult muscle mass changes.
Although the role of myostatin has been better studied in mammalian species, the isolation of myostatin cDNAs in different fish species , Østbye et al. 2001 , Rescan et al. 2001 , Roberts & Goetz 2001 has shown a high level of conservation, even related to the mammalian and avian orthologues, especially in the bioactive domain, suggesting an equally well conserved biological function. In order to understand the role that myostatin may play in fish muscle development and growth, we have investigated the myostatin mRNA expression in zebrafish during embryonic and larval development and in the muscles of fish grown in an overcrowded environment.
Materials and Methods

Animals and sample collection
All procedures were performed in accordance with the Guidelines on the Handling and Training of Laboratory Animals by the Universities Federation for Animal Welfare (UFAW) and with the Italian animal welfare legislation (D.L. 116/92).
Zebrafish were maintained and bred in aquaria according to the Zebrafish Book (Westerfield 1995) . In the case of fish grown under overcrowded conditions, three lots of 40 eggs each were initially maintained in 500 ml water. At 16 days post-fertilization (dpf), each lot was subdivided into two groups of 20 fish. The OC (overcrowded culture conditions) subgroups were grown in 500 ml water until 90 dpf, while the N (normal culture conditions) subgroups were raised in 3 l water until 50 dpf, then in 20 l water until 90 dpf. All subgroups had food available ad libitum.
Just-fertilized eggs, embryos at different stage of development (following the description of Kimmel et al. 1995) , larvae (from hatching till 20 dpf) and adult muscle samples were immediately frozen in liquid nitrogen after collection, and stored at 80 C until use. Skeletal muscle tissues were collected from fish killed by decapitation after anaesthesia in 20% tricaine. For total mRNA extraction, samples (100 eggs or 100 mg skeletal muscle pooled from two or more animals) were powdered in liquid nitrogen using pestle and mortar and the RNA was isolated with the RNAzol B method (Genenco, Florence, Italy). For whole mount in situ hybridization, embryos were fixed overnight in 4% paraformaldehyde in phosphate-buffered saline (PBS) at 4 C, and stored in methanol at 20 C until use. For Western blot analysis, tissue samples were immediately used for protein isolation.
Reverse transcription-polymerase chain reaction (RT-PCR) analysis and Southern blotting
To study the myostatin expression during zebrafish development, a total of between 0·25 and 2 µg total RNA isolated from embryos (0, 8, 16, 24, 48 and 72 h post fertilization (hpf)), 16-dpf larvae (fry) and adult lateral skeletal muscle were subjected to cDNA synthesis and amplification using the SuperScript One-Step RT-PCR system (Life Technologies Italia s.r.l., Milan, Italy) and two primers (forward primer: 161-TGC ATG CCA TCA AGT CCC AAA TTC-184; reverse primer: 681-GTT AAT CTC GAT GCC TCG GTT GGT-658) based on the zebrafish myostatin cDNA sequence (accession number: AF019626, . The primers were designed to span the first putative intron in order to reveal any contaminating genomic DNA as a larger sized PCR fragment. The intron position was extrapolated from that of human (Gonzalez-Cadavid et al. 1998) and porcine (accession number: AJ237662) myostatins.
After optimising the RT-PCR conditions and adjusting the number of cycles to be in the linear range of amplification for each sample, we performed semiquantitative RT-PCR analysis in 25-µl reaction mixture containing 0·5 µg total mRNA, 5 pmol of each primer, 1 reaction mix, and 0·5 µl RT-Platinum Taq mix, under the following conditions: 1 cycle at 54 C for 30 min and 95 C for 2 min (reverse transcription); 35 cycles at 95 C for 30 s, 61 C for 30 s, and 72 C for 45 s, and 1 cycle at 72 C for 10 min (amplification). Blanks were carried out in the absence of template RNA.
In order to check the quality and quantity of the RNA utilized for the semi-quantitative analysis, the total RNA dilutions used for each myostatin amplification were run on agarose gel. The quantification of template 28S ribosomal RNA and of the amplified products was carried out by measuring the relative intensity of the bands stained by ethidium bromide using the Quantity One quantitation software (Bio-Rad Laboratories s.r.l., Milan, Italy).
The identity of the amplified 521-bp fragment obtained from 72-hpf embryos, 16-dpf larvae and adult muscle was confirmed by sequencing with the ABI PRISM Dye Terminator Cycle Sequencing Core Kit (Applied Biosystems, Monza, Italy). Electrophoresis of sequencing reactions was completed in an ABI PRISM automated sequencer, model 377, version 2·1·1. For all the developmental stages examined, the identity of amplified products was confirmed by Southern blot analysis. An aliquot (1/10) of all RT-PCR products was electrophoresed in 1·0% agarose gel, transferred onto a charged nylon membrane (Hybond N+; Amersham Pharmacia Biotech Italia, Milan Italy), baked at 80 C for 2 h, pre-hybridized at 42 C for 2 h in a buffer containing 5 SSC (standard saline citrate), 50% formamide, 0·1% N-lauroylsarcosine, 0·02% sodium dodecyl sulphate (SDS), 2% polyvinylpyrrolidone, and then hybridized overnight at 42 C in fresh hybridization buffer. This contained a digoxigeninlabelled cDNA myostatin probe synthesized by PCR (Roche Diagnostics, Milan, Italy) utilizing the same primers used for the RT-PCR reactions and a plasmid containing the complete zebrafish myostatin cDNA as a template (kindly provided by Dr S Lee, Johns Hopkins University School of Medicine, Baltimore, MD, USA; EMBL: AF019626). After hybridization, the membrane was washed and detection was performed as described in the DIG System User's Guide for Filter Hybridization provided by Roche, using the NBT/BCIP colorimetric detection system.
Rapid amplification of cDNA ends (RACE)
5 -RACE was carried out using the 5 -RACE System (GibcoBRL, Milan, Italy) following the manufacturer's instructions. Briefly, cDNA was synthesized by incubating, at 50 C for 1 h, 2 µg total RNA from adult zebrafish muscle or 48-hpf embryos in 25 µl of the required reaction mix, containing 4 pmol of the first specific primer for zebrafish myostatin (212-GGA GCC TGC TTG AGT CGG AG-193; AF019626). Terminal transferase was then used to add a homopolymeric C-tail to the 3 -end of the first-strand cDNA purified with a GlassMAX DNA Isolation Spin Cartridge Purification kit (GibcoBRL). The tailed cDNA was amplified by PCR, using a second (nested) specific primer (179-TGG GAC TTG ATG GCA TGC AG-160) and the oligo dG-abridged anchor primer (5 -GGC CAC GCG TCG ACT AGT ACG GGI IGG GII GGG IIG-3 ). The primary PCR product was then nested-amplified using a third specific primer (122-GAA CAC AGC TCG CTT TCC-105) and the abridged universal amplification primer (5 -GGC CAC GCG TCG ACT AGT AC-3 ). The resultant amplified product was purified from the sliced gel band and directly sequenced.
Northern blot analysis
To study the myostatin expression in the adult skeletal muscle and possible differences in the myostatin expression level between zebrafish grown under normal or overcrowded conditions, we performed Northern blot analysis on total RNA extracted from lateral skeletal muscle. Because of the small size of the muscle in OC fish, Northern analysis was performed on pooled tissues from animals belonging to each of the three different OC or N subgroups, and repeated at least three times for each subgroup.
Northern analysis was carried out according to Sambrook et al. (1989) . Fifteen or twenty micrograms total mRNA were run on 1% formaldehyde-agarose gel and transferred to a Hybond N+ membrane (Amersham). The membrane was prehybridized in 5 SSC, 50% formamide, 0·1% N-lauroyl-sarcosine, 0·02% SDS, 2% Blocking Reagent (Roche) and hybridized overnight at 68 C in the same solution containing 60 ng/ml digoxigenin-labelled myostatin riboprobes, prepared with the DIG RNA labelling kit (Roche) using as a template Dr Lee's plasmid with the complete zebrafish myostatin cDNA. The complete plasmid sequencing showed the presence of the 5 -and 3 -untranslated terminal regions (UTRs) that were not included in the deposited sequence (AF019626).
A mixture of two antisense riboprobes was used, one covering a 846-base fragment of the zebrafish myostatin cDNA clone corresponding to 67 bases of the 5 -UTR before the ATG and the pro-region portion (bases 1-779) of the coding region and the second one covering a 353-base fragment of the zebrafish myostatin 3 -UTR corresponding to bases 1171-1523. Probes corresponding to the C-terminal region of myostatin were excluded in order to avoid any possible crossreactivity with other members of the TGF-superfamily. Membranes were washed in 2 SSC and 0·1% SDS twice for 15 min at room temperature, and in 0·2 SSC and 0·1% SDS twice for 15 min at 65 C. They were then incubated with the anti-DIG-AP (Roche) and the signal detected using the CPD-Star DIG Luminescent Detection Kit (Roche) according to the manufacturer's protocol. Bands were visualized by autoradiography. Uniformity of loading and RNA integrity were verified by methylene blue staining of total RNA transferred on the membrane before hybridization.
In situ hybridization on whole-mount embryos
Whole-mount in situ hybridization was performed in fixed zebrafish embryos at 11, 12, 14, 18, 24 and 48 hpf, according to Thisse et al. (1993) , using the following riboprobes labelled with digoxigenin (Roche): an 846-base zebrafish myostatin antisense probe, identical to the longer probe used for Northern blot analysis; a mixture of two 353-and 415-base zebrafish myostatin antisense probes, the first one identical to the other probe used for Northern blot analysis, the second one corresponding to a part of the pro-region (bases 365-779) in the coding region. The corresponding sense riboprobes were used as negative controls. In some cases, a double-colour hybridization was performed by adding a zebrafish MyoD cDNA (kindly provided by Dr Francesco Argenton, University of Padova, Italy) antisense riboprobe labelled with fluorescein (Roche), as a marker of muscle cell lineage.
Myostatin expression in cultured cells
The cDNA coding for zebrafish myostatin was cloned into the CS2 + expression vector (Turner & Weintraub 1994) , under the control of the simian CMVIE94 enhancer/ promoter. 293T cells (kindly provided by Dr Stefano Piccolo, University of Padova, Italy), seeded at 30% confluence, were cultured for 24 h in DMEM (SigmaAldrich s.r.l., Milan, Italy) supplemented with 10% fetal calf serum (FCS), 0·6 g/l -glutamine, 0·1 U/ml penicillin and 0·1 U/ml streptomycin, and transiently transfected by calcium phosphate precipitation, according to Gilman (1988) , using 10, 20 or 40 µg of the plasmid CS2 + -myostatin and 0·5 µg of the plasmid RSV-Gal. The medium was changed 21 h later with fresh medium without FCS.
Forty-eight hours after transfection, the conditioned medium with added 10 µM phenylmethylsulphonylfluoride (PMSF) was concentrated by centrifugation in a Centriplus YM 3 spin column (Millipore Corporation, Bedford, MA, USA). Cells were scraped from the dish in a lysis buffer (100 mM tricine, pH 7·8, 2 mM EDTA, 1% Triton X-100, 15% glycerol, and 1 mM dithiothreitol (DTT)) and centrifuged at 12 000 g for 5 min. --galactosidase activity was determined in the supernatant, as described by Sambrook et al. (1989) , to check for transfection efficiency. For successive analyses of cells transfected with different plasmid amounts, the same quantities of concentrated conditioned medium or lysed cell supernatant were used, after dilution to correct for transfection efficiency.
Protein isolation
Adult zebrafish muscle and liver (used as a negative control) were homogenized in a buffer containing 40 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 1 mM EDTA, 65 mM KCl, 1 mM DTT, 0·5 µg/ml leupeptin, 0·7 µg/ml pepstatin A, and 2 µg/ml aprotinin, and centrifuged at 1000 g for 10 min. Protein concentration in the supernatants was determined by the Bradford method (Protein Assay Kit, Bio-Rad Laboratories), using BSA as a standard.
Antibody production and Western blot analysis
To prepare an antiserum against zebrafish myostatin, a histidine-tagged myostatin fusion protein was expressed in bacteria using the pQE31 expression system (Qiagen, Milan, Italy). Briefly, the cDNA encoding the C-terminal region of zebrafish myostatin, spanning amino acids 267 to 374, was amplified by PCR, as a SacI fragment, and cloned into the pQE31 vector in frame with codons for 6 histidine residues at the N-terminus. The resulting construct was transfected into M15[pREP4] Escherichia coli strain and the myostatin fusion protein was induced for 5 h by adding 1 mM isopropyl-thio--galactoside (IPTG) to 1 l bacterial culture at an optical density (OD) of 0·7 (600 nm).
Bacteria were then collected by centrifugation, resuspended and incubated for 1 h in 5 ml lysis buffer/g bacterial pellet (6 M guanidine hydrochloride, 100 mM NaH 2 PO 4 , 10 mM Tris-HCl, pH 8, and 10 mM 2-mercaptoethanol). The lysate was centrifuged at 12 000 g for 15 min and myostatin was purified from the supernatant using a nickel-chelated column. Eluate fractions containing myostatin were pooled and used to inject rabbits. All immunizations were carried out by Cymbus Biotechnology Limited (Chandler Ford, Hants, UK). The IgG fraction from immune serum was purified using the Protein-A Sepharose CL-4B column (Sigma-Aldrich), according to the low salt procedure (Lane 1988) .
For antibody validation, the purified antibody was used in a Western blot analysis of protein from induced and non-induced bacteria, and of different quantities of purified recombinant zebrafish myostatin protein. Rabbit pre-immune serum was used as a control on induced bacteria.
The concentrated medium and the supernatant of lysed myostatin-transfected 293T cells, and protein extracted from zebrafish muscle and liver were analysed by Western blotting. Cells transfected with the CS2 + expression vector alone were used as a negative control. Proteins were separated on 12% sodium dodecyl sulphate-polyacrylamide gel, according to Laemmli (1970) , and transferred onto PVDF membrane (Roche). The filters were blocked in 5% BSA prepared in TBS-T (20 mM Tris-HCl, pH 7·6, 137 mM NaCl and 0·1% Tween-20) and incubated for 1 h at room temperature with 1/1500 dilution of the purified zebrafish myostatin antibody in TBS-T. Filters were then washed (3 5 min; 1 15 min) with TBS-T buffer and further incubated for 1 h at room temperature with 1/30 000 dilution of goat horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (Pierce, Milan, Italy) in TBS-T. Membranes were washed as mentioned above and HRP activity was detected using the SuperSignal Chemiluminescent kit (Pierce) according to the manufacturer's protocol. In the case of liver and muscle, the primary antibody washing was performed either as reported above or in the presence of 0·3 M NaCl.
Statistical analysis
Data were expressed as means S.E.M. The body weight differences between fish grown under overcrowded or normal conditions were analysed by the Student's t-test.
RT-PCR analysis was performed on the total RNA extracted from three different lots for each stage examined, and was repeated at least three times for each lot. Densitometric values of cDNA bands were expressed as myostatin/28S rRNA ratios, the latter being a better visual indicator of RNA integrity because it is more readily degraded than 18S rRNA (Ivell 1998 , Thellin et al. 1999 . Data were then transformed as percentages of the myostatin expression in adult muscle (equal to 100) and analysed by one-way ANOVA. Comparison among densitometric data measured at each age was performed by Bonferroni's test. The differences among groups were considered significant at P<0·05.
Results
Expression of myostatin during zebrafish development
In situ hybridization analysis on whole-mount zebrafish embryos during (11, 12, 14, and 18 hpf) and after (24 and 48 hpf) somitogenesis, using an antisense riboprobe specific for zebrafish myostatin, failed to reveal any specific signal (data not shown). This is in contrast with the results obtained in mice, where myostatin expression was easily detectable in the myotome compartment during somitogenesis using the same technique . In situ hybridization on whole-mount zebrafish embryos at 14, 18 and 24 hpf, using a riboprobe for MyoD, a marker of muscle cell lineage, gave the expected pattern of expression (Weinberg et al. 1996) , showing that the negative result obtained with the myostatin riboprobe was not due to technical problems.
When a more amplificative technique was used, such as the semiquantitative RT-PCR on total mRNA extracted from embryos at different stages of development, we could detect the expression of myostatin messenger. Figure 1A shows a representative image of the temporal expression of the transcript. The developmental profile is reported in Fig. 1C , where the levels of myostatin mRNA expression at different stages are displayed as percentages relative to the expression in adult muscle. The myostatin transcript was detectable in just-fertilized eggs (0 hpf), and its signal intensity declined at 8 hpf (75% epiboly), a pattern consistent with the transfer and degradation of maternally transcribed RNA. A secondary rise at 16 hpf (14-somite stage), to a level similar to that found in just-fertilized eggs, indicates the onset of myostatin gene embryonic transcription. Myostatin mRNA concentration showed a nonsignificant decrement at 24 hpf, when somite formation is concluded, followed by an increase until hatching and 16 dpf, when similar levels were found. The adult muscle always showed the highest level of myostatin mRNA expression, compared with all the developmental stages examined.
The sequencing of the more abundant transcripts (72 hpf, 16 dpf, and adult muscle) and Southern blot analysis at all stages examined, using a probe specific for zebrafish myostatin (Fig. 1B) , confirmed the identity of the amplified products. Moreover, the 5 -RACE analysis of the myostatin mRNA expressed in 48-hpf embryos and adult skeletal muscle revealed a unique transcription start site for both developmental stages, located at -79 nt from the first in-frame ATG (sequence deposited with the accession number AJ318758). The sequence of the amplified products was identical in both cases.
Myostatin mRNA expression in the adult zebrafish skeletal muscle and in cultured cells
As shown by RT-PCR analysis, myostatin mRNA is well expressed in the adult zebrafish skeletal muscle, at a level that is detectable even using a less amplificative technique, such as Northern blotting: a unique 2·8-kb transcript was observed using 15 µg adult zebrafish lateral muscle probed with an anti-sense RNA specific for zebrafish myostatin (Fig. 2) . This is in accordance with previous reports on several mammalian species , Gonzalez-Cadavid et al. 1998 , Ji et al. 1998 , Mendler et al. 2000 and on trout (Roberts & Goetz 2001) , while it is in contrast with results on another fish species, tilapia, where myostatin mRNA expression was not detectable in the adult skeletal muscle, even using polyadenylated RNA .
To characterize the myostatin protein and its expression in the zebrafish skeletal muscle, we generated a polyclonal, affinity-purified antibody against a recombinant, histidinetagged, zebrafish myostatin C-terminal region, expressed in E. coli and purified using a nickel-chelated column. As shown in Fig. 3A , the IgG fraction from rabbit immune serum detected a recombinant, histidine-tagged, 17 kDa myostatin protein from a bacterial extract induced to express myostatin, but no myostatin protein in a control non-induced extract, proving that the antibody specifically recognizes the myostatin recombinant protein. Furthermore, pre-immune rabbit serum did not detect any specific signal in the induced extract. In the Western blot analysis of affinity-purified, recombinant myostatin protein, the antibody recognized the protein in a manner that was proportional to the loaded amount (Fig. 3A) . We used this antibody to characterize myostatin expression in the adult zebrafish lateral muscle.
By Western blot analysis on the muscle homogenate, washing the primary antibody in the presence of 0·3 M NaCl, we detected a unique 40 kDa immunoreactive band, that was not present in the liver homogenate used as a negative control (Fig. 3B) . The size of this band is in accordance with the predicted mass of the unprocessed monomeric zebrafish myostatin precursor. Washing the primary antibody in the absence of NaCl (less stringent washing), we observed also a 15 kDa band (Fig. 3C ) that could correspond to the processed myostatin form, besides other faint bands. The same result was obtained (Fig. 3C ) using the anti-human myostatin antibody B that is specific for a 16-amino acid peptide of the C-terminal region (kindly provided by Dr N F Gonzalez-Cadavid, Charles R Drew University, Los Angeles, CA, USA; Gonzalez-Cadavid et al. 1998) . Representative images of ethidium bromide-stained gels. Total RNAs (0·5 g) from whole embryos and 16-dpf and adult zebrafish muscles, were reverse transcribed and amplified using primers specific for zebrafish myostatin. Negative control: C , no template. An aliquot (10/25) of each amplified sample was size-separated by agarose gel electrophoresis and stained with ethidium bromide. The expected 512-bp amplified product is indicated by an arrow (top panel). The 28S rRNA (lower panel) is presented as an indicator of the quality and quantity of the total RNA used in the reaction. (B) Southern blot analysis of the amplified product, using a digoxigenin-labelled cDNA probe specific for zebrafish myostatin. The signal was detected using a colorimetric system, after 20-min reaction. (C) RT-PCR analysis performed in triplicate on three different lots of total RNA from each stage examined. The quantification of the amplified product and 28S rRNA was carried out by densitometry of the respective ethidium bromide-stained bands. Values were expressed as myostatin/28S rRNA optical density (O.D.) ratios, calculated as percentages of the myostatin expressed in the adult muscle (equal to 100), and subjected to statistical analysis. Different letters indicate a statistically significant difference (P<0·05; Bonferroni's test).
To further study in vitro zebrafish myostatin processing and secretion, the CS2 + -myostatin plasmid (containing the zebrafish myostatin cDNA under the control of the cytomegalovirus (CMV) promoter) was transiently transfected into 293T cells, and the lysed-cell supernatant and conditioned medium analysed by Western blotting 48 h after transfection. As shown in Fig. 4 (right panel) , two specific bands of approximately 52 and 15 kDa were detected in the conditioned medium of cells transfected with 10, 20 or 40 µg plasmid, whereas a unique 52 kDa specific band was present in the lysed-cell supernatant (Fig. 4, left panel) . The same bands were also recognized by the anti-human myostatin antibody B (data not shown). Other bands present in both the myostatin-transfected cells and control cells transfected with the CS2 + vector alone were considered not specific.
The 15 and 52 kDa bands are in accordance with the values found in the literature for the myostatin protein expressed in mammalian cultured cells, corresponding to the processed mature monomeric form and the unprocessed monomeric form respectively . Hence, like mouse myostatin , zebrafish myostatin appears to be successfully proteolytically processed and secreted.
Myostatin expression in zebrafish grown under overcrowded conditions
Fish growth is markedly influenced by environmental and social factors (Wendelaar Bonga 1997) . Zebrafish grown in an overcrowded (OC) environment from 16 dpf (freeswimming larvae) showed, at 90 dpf (adults), a delayed growth compared with fish raised under normal (N) conditions (Fig. 5A) . To examine whether myostatin expression was altered in overcrowded fish, we subjected the total RNA extracted from the lateral skeletal muscle to Northern blot analysis. Myostatin mRNA was markedly higher in normally grown fish than in overcrowded fish (Fig. 5B) . The experiment was repeated on three separate lots of zebrafish, obtaining similar results.
Discussion
Embryonic muscle development has been extensively studied in zebrafish (van Raamnsdonk et al. 1978 , Devoto et al. 1996 , where slow and fast muscle fibres arise in this sequence from distinct populations of myoblasts.
In homeotherms, postnatal muscle development is mainly due to the hypertrophy of existing fibres (Goldspink 1972 , Campion 1984 . By contrast, in several fish species, hyperplastic recruitment of muscle fibres continues throughout much of the life cycle (Koumans & Akster 1995 , Johnston 1999 . After hatching, two main phases of muscle hyperplastic growth can be distinguished. The first is observed in yolk-sac larvae, where myoblasts proliferate in the dorsal and ventral regions of the myotomes (Veggetti et al. 1990 , Brooks & Johnston 1993 , Veggetti et al. 1993 , Koumans et al. 1994 , Rowlerson et al. 1995 . The second phase occurs post-metamorphically in white muscle only and is typical of large, fast-growing species, being absent or greatly reduced in slow-growing, small fish (van Raamnsdonk et al. 1983 , Weatherley & Gill 1984 , Weatherley et al. 1988 , Veggetti et al. 1993 , such as zebrafish, in which post-metamorphic muscle growth results solely from hypertrophy of existing fibres.
During mammalian and avian myogenesis, myostatin mRNA abundance peaks at the onset of secondary muscle fibre formation, reaches a minimum at birth and postnatally, and slightly increases again at adulthood (Ji et al. 1998 , Kocamis et al. 1999 , Oldham et al. 2001 . In zebrafish, we have found that myostatin mRNA is already present in just-fertilized eggs (0 hpf) and declines thereafter (8 hpf), a pattern that is consistent with a maternal transfer of the transcript and its subsequent degradation. It has been shown, in several animal species, that maternally inherited mRNAs and proteins are used to program the earliest stages of development, but are degraded by the mid-blastula transition, allowing genetic control of development to pass to zygotically synthesized transcripts (Pendersen 1998) . Maternal myostatin mRNA may be either directly transcribed by maturing or pre-ovulatory oocytes or transferred from granulosa cells into the oocytes (Patino & Kagawa 1999) .
Two forms of myostatin mRNA, with 92% identity at the nucleotide level, were isolated in the ovary of brook trout, where one form is predominantly expressed during ovulation (Roberts & Goetz 2001) . Two isoforms were also identified in both the rainbow trout, in which myostatin II is expressed only in muscle and brain, while myostatin I is present ubiquitously (Rescan et al. 2001) , and the Atlantic salmon, whose two myostatins occur in multiple tissues (Østbye et al. 2001) . Protein extracts from non-induced (NI) and induced (I) bacteria (carrying the expression plasmid containing the recombinant, histidine-tagged myostatin), and decreasing amounts of affinity-purified myostatin recombinant protein (P) were electrophoresed on 12% polyacrylamide gel, blotted and probed with rabbit pre-immune (PI) serum or rabbit antiserum IgG fraction against zebrafish myostatin. Membrane was washed in the presence of 0·3 M NaCl. (B and C) Tissue detection of myostatin protein. (B) Protein extracts from lateral muscle (5 and 15 g) or liver (15 g), the latter used as a negative control, were electrophoresed on 12% polyacrylamide gel, blotted and probed with anti-zebrafish myostatin antibody. The signal was visualized with a luminescent detection system after 5-s exposure. The putative unprocessed myostatin protein (arrow) and molecular mass markers (left) are shown. (C) Protein extracts from lateral muscle (15 g) were treated as before and probed with either anti-human myostatin antibody B (1) or anti-zebrafish myostatin antibody (2). Membranes were washed in the absence of NaCl. The signal was visualized after 15-s exposure. The arrows indicate the putative unprocessed (upper arrow) and processed (lower arrow) forms of zebrafish myostatin.
As the identity of myostatin mRNA in zebrafish eggs was verified by Southern blot analysis at low-stringency hybridization and washing temperature (42 C), we might have failed to discriminate between very similar isoforms. For this reason, we cannot exclude the possibility that myostatin mRNA in zebrafish eggs is a different isoform of the transcript found in the embryo, larva and adult fish. On the other hand, we have demonstrated that myostatin mRNA expressed in yolk-sac larvae (72 hpf) and freeswimming larvae (16 dpf) is identical to the adult muscle form. Moreover, the 5 -UTR of the transcript in 48-hpf embryos is also identical to the adult one.
In general, myogenic transcription factor genes, such as MyoD, are expressed earlier then muscle-specific protein genes (MSP), consistent with their upstream, regulatory role (Xu et al. 2000) . In zebrafish, the expression of MyoD during embryonic development starts at 7 to 7·5 hpf, prior to somite formation, and drops markedly at 24 hpf, when somitogenesis is completed (Weinberg et al. 1996) . Our pattern of myostatin expression in zebrafish embryos was timed as expected with respect to MyoD expression. In fact, the level of embryonic myostatin mRNA rose between 8 and 16 hpf, after the onset of MyoD expression and muscle cell differentiation (Devoto et al. 1996 , Bladgen et al. 2000 , and declined only slightly at 24 hpf, when MyoD expression and somite formation were almost concluded (Stickney et al. 2000) . Thereafter, myostatin mRNA concentration rose again until hatching and 16 dpf and reached the highest value in the adult muscle.
Since in zebrafish, as in other small teleost fish, red and white muscle fibres are well differentiated at hatching and the single wave of hyperplastic muscle growth after hatching is limited to some distinct germinal zones (Veggetti et al. 1993 , Koumans & Akster 1995 , Johnston 1999 , the observed increase in myostatin mRNA content at these stages and, particularly, in adult fish is in keeping with the fact that, in mammals, myostatin negatively regulates skeletal muscle growth by inhibiting myoblast proliferation (Thomas et al. 2000 .
These data suggest a key regulatory role of myostatin during early muscle development in both fish and mammals. However, the level of myostatin expression during mammalian somitogenesis appears to be higher, because, contrary to mammals , the transcript was not detectable in zebrafish by whole mount in situ hybridization up to 48 hpf. In developing tilapia, myostatin mRNA was first revealed by RT-PCR only after hatching , thus even later than in zebrafish.
As in mammals, myostatin mRNA was readily detectable in adult zebrafish skeletal muscle by Northern blot analysis. By contrast, myostatin mRNA levels in tilapia white skeletal muscle were too low to be shown by Northern blotting . The authors proposed that this result could reflect the type of fibres sampled, as a differential expression of myostatin among white and red fibres was noted in various fish species (Østbye et al. 2001 , Rescan et al. 2001 + -myostatin plasmid or with 40 g of the CS2 + vector alone (C ). Forty-eight hours after transfection, the lysed cells supernatant (left panel) and the concentrated conditioned medium (right panel) were electrophoresed on 12% polyacrylamide gel, blotted and probed with rabbit anti-myostatin IgG fraction. The signal was visualized with a luminescent detection system after 5-s exposure. Expressed myostatin precursor (52 kDa) and mature protein (15 kDa), and molecular mass markers are indicated.
2001). In our case, due to the small size of zebrafish, pools of whole (white and red) adult lateral muscle, from two or three different animals, were used for Northern blot analyses, thus averaging possible differences between fibre types.
Western blotting of adult zebrafish muscle extracts, using an antibody against the zebrafish myostatin C-terminus, detected a 40 kDa band, in accordance with the expected apparent molecular mass of the unprocessed myostatin precursor. A 15 kDa fainter band, probably corresponding to the processed myostatin monomer, was revealed only after longer exposure and using a less stringent primary antibody washing. A similar result, confirming the specificity of our antibody, was obtained using the anti-human myostatin antibody B (GonzalezCadavid et al. 1998) , that has been extensively validated by its ability to detect both the precursor and the processed mammalian protein (Lalani et al. 2000 . This antibody was raised against a 16-amino acid sequence within the C-terminal portion of the myostatin that is identical in human and zebrafish proteins. Using less stringent washing conditions a 37 kDa unknown protein was detectable by our antibody, but at a lower level than the 15 kDa band. This protein was only barely detectable by the Gonzalez-Cadavid's antibody, inferring the possible signal aspecificity.
Although several authors found a different molecular mass for the processed myostatin in mammalian muscle extract, ranging between 26 and 30 kDa (GonzalezCadavid et al. 1998 , Sharma et al. 1999 , Lalani et al. 2000 , Sakuma et al. 2000 , Thomas et al. 2000 (with several kDa differences reported even for the same species by different authors, despite using the same antibody), a considerable debate remains open, since in some reports lower molecular masses have been found. This is the case for the rat, where an 18-19 kDa molecular mass has been reported for the mature protein (Mendler et al. 2000) . It is also the case for the mouse (Zimmers et al. 2002) , where the authors found a 12·5 kDa protein in Western blot analysis of the serum of the wild-type mice, but not in that of the GDF-8 null animals (Mstn / ). In C2C12 myoblast cells transfected or not with the myostatin cDNA (Ríos et al. 2001) , a band of 12 kDa was found using the Gonzalez-Cadavid's antibody B. Expressing the complete myostatin propeptide in mammalian, non-muscular cells lines, different authors found a 12·5 to 15 kDa band , Lee & McPherron 2001 , corresponding to the mature monomer, that under non-reducing conditions shows an electrophoretic mobility consistent with that of the corresponding dimer. These results, together with other similar findings obtained expressing the C-terminal mature myostatin region in E. coli or Drosophila cells (Lalani et al. 2000 , suggest that the 26-30 kDa band found in several muscle extracts could be a mature myostatin dimer that does not fully dissociate despite the denaturing and reducing conditions employed in the Western blot analyses.
In our experiments the 15 kDa immunoreactive band we found in zebrafish muscle extracts, essentially consistent with the predicted molecular mass of the mature zebrafish myostatin monomer, was also detected in mammalian 293T cells, transiently transfected with the full-length zebrafish myostatin cDNA, but not in the negative control transfected cells.
In particular, Western blot analysis, using the antibody against the zebrafish myostatin C-terminus, demonstrated the occurrence of a 52 kDa band, corresponding to the unprocessed precursor, in both the cell extract and the conditioned medium, and of a 15 kDa signal in the medium, but not inside the cells. The presence of both precursor and processed forms was also observed in the medium of Chinese hamster ovary (CHO) cells stably transfected with mouse myostatin cDNA . This confirms that zebrafish myostatin is processed and secreted in a similar manner as its mammalian orthologues, and that the precursor is cleaved in conjunction with or just after its secretion, as has been demonstrated for TGF-1 (Miyazono et al. 1991) . It is also possible that some unprocessed myostatin in the medium is due to leakage from dead cells.
The apparent molecular masses of the unprocessed zebrafish myostatin found in transfected 293T cell cultures, is in accordance with the values reported in the literature for mammalian myostatin proteins expressed in cultured CHO mammalian cells . Nevertheless, the mass of 52 kDa for the unprocessed protein in cell culture is different from that of 40 kDa estimated in zebrafish skeletal muscle. This difference in molecular weight might be due to some sort of posttranslational modification of the myostatin precursor, such as glycosylation and/or denaturation-resistant association with other proteins that might be prominent in mammalian but not in fish or other cells. In fact, expressing human myostatin in E. coli or Drosophila cells, Taylor and collaborators (2001) found a 45 kDa immunoreactive band for the myostatin monomer precursor, whereas a higher, approximately 49-52 kDa band, has previously been reported for the mammalian unprocessed myostatin expressed in mammalian muscle cells by several authors (Sharma et al. 1999 , Lalani et al. 2000 , Thomas et al. 2000 . In our Western analysis the Gonzalez-Cadavid's antibody revealed a weak 50 kDa band in zebrafish muscle that was barely detectable by our antibody. This probably means that the above post-translational processing or binding is less important in fish (strong 40 kDa band and weak 50 kDa band) as compared with the results obtained by other authors in mammalian cells (strong 49-52 kDa and no 40 kDa band).
An inverse correlation between myostatin levels and muscle mass has been reported during muscle atrophy in mammals (Gonzalez-Cadavid et al. 1998 , Lalani et al. 2000 . Moreover, when rats were subjected to muscle thermal injury, a damage that provokes a sustained elevation of glucocorticoids, Lang and collaborators (2001) noticed an increase in the myostatin mRNA level in muscle, concomitantly with a reduction in the muscle protein content. Similarly, dexamethasone enhanced the transcriptional activity of myostatin gene promoter constructs transfected into skeletal muscle cells in culture ).
In the experiment in which zebrafish were raised from 16 up to 90 dpf under stressful overcrowding conditions, we observed a marked depression of body growth, resulting in stunting of fish, as well as a reduction of muscle myostatin mRNA expression.
Although this result seems to be in contrast with some of the above findings in mammals, it is in agreement with the report by Rescan et al. (2001) showing that, in rainbow trout, myostatin II mRNA, predominantly expressed in slow-twitch fibres, dropped dramatically in wasting muscles during sexual maturation, while myostatin I mRNA, expressed equally in red and white fibres, remained unchanged. This indicates that the muscle wastage occurring in fish both during sexual maturation and the stunting of muscle mass due to overcrowding are not dependent upon the up-regulation of myostatin expression. Rather, in these cases, the quenching of myostatin mRNA levels seems to be correlated to persistent catabolic or scarcely anabolic states in fish muscles.
The lowering of myostatin mRNA in the muscles of crowded fish does not necessarily conflict with the facts that crowding is stressful to fish and that the stress-induced elevation of glucocorticoids may enhance myostatin transcription. Fish can adapt to overcrowding, and it was found that, in chronically overcrowded brown trout, plasma cortisol levels returned to normal after a few weeks while body growth was depressed (Pickering & Stewart 1984) .
We did not measure plasma cortisol in the crowded zebrafish because the operation is technically complicated but, if this species can also hormonally adapt to overcrowding, it is conceivable that both cortisol and its up-regulation of myostatin expression were transitory and that the subsequent adjustment towards retarded body growth brought about a general depression of muscle protein synthesis which did not spare myostatin.
Further investigation is needed to determine whether the lower content of myostatin mRNA observed during wasting of normally developed muscles caused by protein mobilization for gonadal development in rainbow trout and the delay of muscle growth under overcrowding conditions in zebrafish rely on common or different regulatory mechanisms.
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